kernels of wheat and other small grain crops has become a major concern for animal production and human health (Bai et al., 2001b; Luo et al., 1990; Marasas et al., 1984) . The maximum DON levels in wheat grain allowable for human consumption range from 0.5 to 2 mg kg -1 in the U.S., Canada, and some European countries (Dexter and Nowicki, 2003; Snijders, 1990) .
The use of resistant cultivars together with appropriate crop management practices is the most commonly employed strategy for the control of FHB disease . Resistance to FHB in wheat is polygenic. Three major types of host resistance have been reported, host resistance to the initial infection by the fungus (type I), resistance to the spread of FHB symptoms within an infected spike (type II), and resistance to accumulation of mycotoxin in infected grains (type III) (Mesterházy, 1995; Miller et al., 1985; Schroeder and Christensen, 1963) . Type II resistance is the predominant type of resistance identifi ed in the majority of wheat cultivars.
FHB-resistant cultivars have been identifi ed from diff erent geographic regions, including the U.S., Asia, Europe, and South America (Bai and Shaner, 2004) . However, only a few wheat lines, such as Sumai 3 and its derivatives, have been shown to contain type II resistance that is eff ective in a range of environments and extensively used as a major FHB-resistant source in breeding programs worldwide (Bai and Shaner, 2004; Rudd et al., 2001) . New and diverse sources of FHB-resistance genes may facilitate the achievement of high levels of potentially durable FHB resistance in wheat cultivars.
Low DON content has long been proposed as type III resistance (Miller et al., 1985) . But the relationship between the FHB disease severity and DON content in harvested grain is still not conclusive (Bai et al., 2001b; Shaner and Buechley, 2003) . Some studies reported a low correlation between FHB severity and DON content (Miedaner et al., 2003) , whereas others reported that FHB-resistant wheat cultivars often had low DON content in harvested grain. Wheat cultivars with very low or no DON are very desirable for growers to reduce economic losses caused by FHB epidemics (Bai and Shaner, 2004) . In this study, wheat genotypes with diff erent levels of FHB resistance from diverse origins were evaluated under favorable FHB epidemic conditions. The objectives of this study were to (i) characterize diff erent types of resistance in Asian landraces and cultivars, (ii) identify new sources of FHB resistance by evaluating the genotypes for all three types of FHB resistance, and (iii) investigate the relationship between FHB disease severity and DON content.
MATERIALS AND METHODS

Plant Materials and Pathogen Inoculum
Ninety-four landraces, cultivars, or breeding lines were evaluated for three types of resistance in repeated greenhouse experiments (Table 1) . Among these accessions, 63 Chinese accessions were acquired from the USDA-ARS National Small Grains Collection at Aberdeen, ID, and the Jiangsu Academy of Agricultural Sciences, Nanjing, China; 24 Japanese accessions were provided by the Gene Bank of Japan; one Korean cultivar was provided by Dr. G. E. Shaner at Purdue University, IN. Five cultivars from the U.S. and other countries were used as references for various levels of FHB resistance. Sumai 3 and Wheaton were used as resistant and susceptible controls, respectively (Table 1) . The inoculum was a fi eld isolate of F. graminearum (GZ 3639) that originated from Kansas (Desjardins et al., 1996) and was verifi ed for stability of virulence pattern and DON accumulation by annual inoculation of a set of wheat diff erentials.
FHB Resistance Evaluation
FHB resistance of all the wheat accessions was evaluated in the greenhouse at Kansas State University from 2003 to 2005. FHB conidial inoculum was prepared with mung bean liquid medium and used to inoculate wheat plants at anthesis (Feekes Growth Stage 10.51). Type II resistance was evaluated by injecting 10 μL of conidiospores of F. graminearum (~100 spores/ul) into a central fl oret of a spike using a syringe; type I resistance was evaluated by spraying 2 mL of conidiospore suspension (~1000 conidiospores/ml) on each spike. The plants were prepared for inoculation as follows: after vernalization at 4°C in a growth chamber for 8 wk, six seedlings were transplanted into a 5" × 5" Dura-pot (Hummert Int., Earth City, MO) containing Metro-mix 360 soil mix (Hummert Int., Earth City, MO), and grown in a greenhouse with a 12 h daylight period. One spike per plant was inoculated, and inoculated plants were enclosed in a moist chamber at 25 ± 5°C with a 12-h daylight period for 3 d to promote initial infection. The pots were moved to random positions on the greenhouse bench following a complete randomized design, and grown at 25 ± 5°C during day and 17 ± 2°C during night. Type I resistance was evaluated as the percentage of infected fl orets (PIF) in an inoculated spike 7 d after inoculation (d.a.i) to avoid the spread of infection from initially infected fl orets to neighbor fl orets (type II resistance). For type II resistance, the infected and total numbers of spikelets in an inoculated spike were counted on the 21st d.a.i., and the percentage of symptomatic spikelets (PSS) was calculated as fi nal disease severity. Mean values of the disease ratings based on entries were used for data analysis. 
DON Determination
For each accession, inoculated spikes were carefully harvested and threshed manually to save all grains including highly infected, shriveled ones. Grains from the three replicates of each genotype in each experiment were combined for toxin analysis. DON content was determined as the amount of DON (mg kg -1 ) in the wheat kernels harvested from Fusarium-inoculated spikes by gas chromatography-mass spectrometry (GC-MS) according to Mirocha et al. (1998) . 
Data Analysis
PIF, PSS, and DON content were statistically analyzed using entry means. Entry means of PIF and PSS followed a normal distribution and were used directly for statistical analysis. However, entry means of DON contents deviated from normality and were normalized by logarithmic transformation for further statistical analysis. Correlation coeffi cients were calculated to estimate the relationships among PIF, PSS, and DON content. Data analysis was conducted using the SAS system for windows v8 (SAS Institute, Inc., Cary, NC). SAS procedure GLM and Duncan's multiple range test were used for analyses of the eff ects of wheat lines on FHB resistance.
RESULTS
Variation in Three Types of Resistance
All inoculated wheat lines showed FHB symptoms after single-point or spray inoculation. Signifi cant diff erences in PIF, PSS, and combined DON contents were observed among the accessions with the mean PIF ranging from 9.1 ('Nanda 2419') to 46.5% (Chanjibaidongmai), the mean PSS ranging from 6.6 (Ning 7840) to 92.2% (Sanyuehuang), and the mean combined DON contents ranging from 0.7 (Ning 7840) to 77.9 mg kg -1 (Chanjibaidongmai) ( Table 1 ). The correlation between PIF and DON data was not signifi cant in 2004 but was very low in 2005 (r = 0.23, P < 0.05). Poor correlation of the PIF data was observed between the two spray inoculation experiments. The resistant (Sumai 3) and susceptible controls (Wheaton) showed the same PIF for type I resistance. However, correlation between PSS from the two single-point inoculation experiments was high (r = 0.61, P < 0.0001), and signifi cant correlations were also observed between the PSS and DON data from the two single-point inoculation experiments. For DON content, signifi cant correlation was observed between the two single-point inoculation experiments (P < 0.05), but not between the two spray inoculation experiments (Table 2) .
On the basis of the observed levels of type II resistance of previously characterized wheat lines such as Fu 5114, Nobeokabozu, 'Yangmai 4,' and Wheaton (Bai et al., 2003; Liu and Anderson, 2003) , the type II resistance levels of the tested wheat accessions were used to assign them into one of four resistance categories: resistant (R), moderately resistant (MR), moderately susceptible (MS), and susceptible (S), which accounted for 27.7, 33, 28.7, and 10.6% of the total wheat accessions, respectively (Table 3) . Most of the accessions (60.7%) were classifi ed as MR or MS. The mean PSS for the four type II resistance-based categories were significantly diff erent (Table 3) . Similar to PSS, the mean DON content of the type II resistance-based R group was significantly diff erent from the type II resistance-based S group (Table 3) . However, the diff erences were not signifi cant for mean PIFs (type I resistance) among the four categories ( The selected resistant or moderately resistant accessions (64 accessions) were all landraces or cultivars from China or Japan except for 'Ernie' and 'Freedom' from the U.S. Seventeen of the twenty-six resistant accessions, including Ning 7840, F 60096, and Minamikyushu 69, showed lower mean DON content than the Sumai 3 control; and nine of the seventeen genotypes had less than 2 mg kg -1 DON in harvested grain. Among all the accessions examined, four accessions (Huoshaobairimai, Huangfangzhu, Huoshaomai, and Huangcandou) from China and two from Japan (Asozaira III and Nobeokabozu) showed overall resistance with PIF < 28%, PSS < 25%, and DON content < 2 mg kg -1
. The mean values of the three resistance traits for the six accessions were superior to those of the resistant control Sumai 3 (Table 1) . Five of the six highly resistant wheat landraces, except Nobeokabozu, have not been well studied, and are potentially new sources of FHB resistance.
Association between DON Content and FHB Severity
Wheat genotypes with low PSS often had relatively low DON content (Tables 1 and 3) . A moderately positive correlation was observed between PSS and DON accumulation (r = 0.50, P < 0.0001) (Fig. 1a) . With regard to combined DON content, of the twenty-six accessions that had PSS values less than 25%, nine, including the wellknown FHB-resistant lines Ning 7840, had DON contents of less than 2 mg kg -1 , ten, including the well-known Chinese resistant landrace Wangshuibai, had DON contents between 2 and 5 mg kg . The average DON content for susceptible wheat accessions was 25.4 mg kg -1 with only one accession (Kuangtuerhhsiaomai) that had a DON content of less than 2 mg kg -1 (Table 3 ). The accession with the highest DON content (Chanjibaidongmai) was in the susceptible group based on observed levels of type II resistance (Table 1) .
There was no correlation between PIF and DON content in spray inoculation experiments (r = 0.02, P = 0.85) (Fig. 1b) . Fifty-two accessions had lower PIF (<28%) than both the resistant (Sumai 3) and the susceptible controls (Wheaton). Interestingly, among the four accessions with the highest PIF (>40%), three accessions had about 3 mg kg -1 of DON and only Youzimai had a high DON content of 46.6 mg kg 
DISCUSSION
All resistant and moderately resistant accessions were collected from China except for Chokwang (Korea) and Ernie and Freedom (U.S.). Nine of twenty-six accessions showing resistant type II reactions had DON contents lower than 2 mg kg -1
. Fu 5114 and Ning 7840 share the same source of resistance (Yu et al., 2006) . Five other wheat accessions that showed a high level of type II resistance and low DON have not been well studied. Four of the fi ve accessions are landraces from China, and one is a landrace from Japan. Available literature could not reveal any known genetic relationship between them and Sumai 3 (Yu et al., 2006) , suggesting that these wheat lines may have novel QTL for FHB resistance and low DON content. Further mapping work may facilitate identifi cation of potential new QTL for FHB resistance in these landraces.
The relationship between FHB severity and DON content is still unknown. Some studies demonstrated a high positive correlation between FHB severity and DON content (Lemmens et al., 1994; Wang and Miller, 1988) , while others reported poor or no correlation between the two traits (Mesterházy et al., 1999; Wiśniewska et al., 2004) . These contradictory reports might have resulted from inoculating plants at diff erent stages of plant growth, from using diff erent methods for inoculation, from differences in methods of harvesting infected grain and DON analysis, and from sampling accessions with diff erent ranges of FHB resistance, etc. For example, if FHB infection starts at heading or early anthesis, kernels in an infected spike may stop development at an early stage. The heavily infected kernels are too small to be collected. A susceptible cultivar may show much lower DON content than it should have because severely infected kernels are not included in DON analysis. On the other hand, if infection occurs after anthesis, normal sized infected kernels are collected in threshed grains for DON analysis. For the same reason, single-point inoculation may underestimate the DON content compared to spray inoculation or grain spawn inoculation on the soil surface in fi eld conditions because single-point inoculation may facilitate early infection that may prevent kernel development, especially when a threshing machine is used. Careful hand threshing may keep more kernels with high DON content while a threshing machine may blow away severely infected kernels that contain most of the toxin.
Results of this study showed that type II resistance was moderately correlated with DON content. However, no correlation was observed between type I resistance and DON content, which agrees with the result of Lemmens et al. (2005) and others (Mesterházy et al., 1999; Wiśniewska et al., 2004) . In general, the resistant group had the lowest mean DON content and the susceptible group had the highest. However, large variation in DON content was still observed within each group, especially for the moderately susceptible group (ranging from 1 to 46.6 mg kg . The low DON content in Kuangtuerhhsiaomai might be a result of type III resistance or result from poor seed-setting due to heavy infection. Many infected kernels were not collectable for DON analysis. In contrast, landrace Meiqianwu showed a low PSS (16.1%) but relatively high (9.5 mg kg -1 ) DON content. It appears that three types of FHB resistance are present in these wheat lines and assessment of individual resistance components in these sources will facilitate their use in breeding FHB-resistant wheat cultivars. Resistance to FHB is most eff ective when a wheat line carries all three types of resistance (Kolb et al., 2001 ). However, the eff ects of the three types of resistance on cultivar overall FHB resistance may not be the same. Type I resistance may involve escape from FHB infection by a passive mechanism, such as a narrow fl ower opening (Gilsinger et al., 2005; Mesterházy, 1995) . To date, type I resistance has not been well characterized in wheat and it may not be a reliable component to select for FHB resistance in breeding programs. DON has been proposed as a virulence factor that plays an important role in the spread of FHB in a wheat spike (Bai et al., 2001a) , and wheat resistance to DON accumulation also has been found closely correlated with type II resistance in this study and other previous studies (Bai et al., 2001b; Lemmens et al., 2005) . In general, a cultivar with high type II resistance most likely has a low DON content. Selection for a genotype with a high level of type II resistance may indirectly select for low DON. Hence, selection for type II resistance should be the fi rst priority in breeding for overall FHB resistance. For moderately resistant or moderately susceptible cultivars, it may be more important to select for both type II resistance and lower DON genotypes to reduce DON content in new cultivars.
